This paper presents effective rotor current control schemes for a 2.0MW windturbinedriven DoublyFed Induction Generator (DFIG) system feeding a threephase grid under vari able wind speed conditions. The control schemes are based on ProportionalIntegral (PI) control, Fuzzy logic Control (FLC) and FuzzyPI control designs that are proposed to control DFIG rotor cur rent components in order to maximize power efficiency and enhance system response. The proposed controllers are examined in terms of peak overshoot, settling time and steady state error with respect to wind speed variations. The obtained results demonstrate that the proposed FLC and FuzzyPI control schemes lead to a remarkable increase in power extraction and significant improvements in system response of rotor current components when compared to the conven tional vector control based on standard PI current controllers.
I. INTRODUCTION
As a result of growing environmental awareness and high oil prices, the conventional electricity generated by fossil fuels is being substituted by clean electricity from renewable energy sources. Sustainable energy constitutes an alternative to meet the requirements and satisfy the demands of today's society. One way of generating electricity from renewable sources is to use Wind En ergy Conversion Systems (WECSs) such as wind turbines [1] [5] . Variablespeed DoublyFed Induction Generator (DFIG)driven wind turbines have many advantages over fixed speed turbines in terms of optimal energy extraction for different wind speeds, mechanical stress reduction by elimination of the multiplier, which improves system reliability, and maintenance costs reduction [6] . The dynamic features of such generators depend on certain non linear parameters, such as stator flux and stator and rotor currents [6] . Reliable and highperformance controllers are required to be designed in such systems to maintain stability and improve efficiency. Different DFIGbased wind turbine control strategies have been widely studied in the literature; such as control of pitch angle, voltage, current, torque, active and reactive power. The advantages of rotorconnected backtoback voltagesource con verter control, including reduced flicker, variablespeed constant frequency (VSCF) operation, independent control capabilities for active and reactive powers, and relatively lower converter cost and power losses, have captured researchers' and manufacturers attention all over the world [6] .
In the literature, several papers have considered power capture maximization and system response improvement of WECSs. In [7] , the stator power is controlled through rotor current compo nents using Proportional Integral (PI) and Fuzzy Logic Control (FLC) controllers. The results show a superior performance of the FLC, high robustness against grid disturbances and machine parameter variations. The settling time is reduced considerably, no overshoot happens and oscillations are damped out faster. However, the work did not introduce the impact of designing rotor current controller using Fuzzy ProportionalIntegral (Fuzzy PI) algorithm on the DFIG system response and power extraction. In [8] , a comparison between three types of pitch control algorithms, namely, PI, FLC and Fuzzy PI, for a 1.5MW horizontal axis fixed speed wind turbine is presented. The three controllers achieved a controlled power extraction near the nominal wind speed value while maximum power extraction is achieved in low wind speeds using Fuzzy PI and FLC control algorithms. Hamane et al. [9] , presented a comparative analysis of PI, Sliding Mode and Fuzzy PI controllers for DFIG wind energy conversion system. The results show that Fuzzy PI scheme has significantly reduced settling time, limited peak overshoot values and damped out oscillations faster. Reference [10] proposed a classical PI and Fuzzy PI controller design to perform decoupling control of active and reactive power for DFIG. The results show that the Fuzzy PI controller reduced settling time considerably, limited peak overshoot and damped os cillations faster when compared to the conventional PI Controller. Therefore, to the best of the authors' knowledge, there is no work in the literature that compares the impact PI, FLC and Fuzzy PI controllers on enhancing system response and maximizing power extraction through rotor current control scheme.
II. DYNAMIC MODELING A. Wind Speed Model
Wind speed varies from time to time and from one location to another. The approach of wind speed modelling in this work depends on summing up all four components of wind speed   (), namely, constant component representing the average wind speed   (), ramp component   (), gust component   () and turbulence component   () [11] , [12] . The overall wind speed can be expressed as:
The wind speed ramp component is given by where  1 and  2 represent the start and end time of the ramp respectively, and   represent the ramp maximum amplitude. The gust component simulates any abnormal temporary increase of the wind speed and it is given by
where  1 and  2 represent the start and end time of the gust respectively, and   represents its maximum amplitude.
B. Aerodynamic Model
In this work, an aerodynamic model based on aerodynamic power coefficient (  ) is presented [13] , [14] . The power coeffi cient, for a given rotor, depends on the pitch angle () and the tip speed ratio () while the aerodynamic torque (  ) depends on rotor radius (), wind speed (  ), air density (), and power coefficient, and it is represented by:
where (  ) is given by
C. Mechanical Model
The mechanical model consists of wind wheel, turbine shaft (low speed shaft), gearbox, and generator's rotor shaft (high speed shaft) [9] , [10] . The gearbox scales down the torque from low speed shaft to high speed shaft. In this work, a two mass model is presented in which the wind wheel and the turbine rotor are considered as one inertia   while the gearbox and the generator rotor as another inertia   as represented in Fig. 1 .The two masses are connected together, with a  angular stiffness coefficient and a  angular damping coefficient, through an elastic turbine shaft [9] . A gearbox exchange ratio  = 100 is assumed. The inertia of the low speed shaft   and the damping coefficient  are assumed to be 635 kg.m 2 and 0001 respectively. The system dynamics are
where   and   represent the angles of the wind wheel and the generator shaft,respectively.   is the generator torque, and   and   are the angular speed of the wind wheel and the generator, respectively.
D. Electrical Model
A 2.0MW DFIG with backtoback three phase converter is selected. Assuming a symmetrical and sinusoidally distributed windings of the stator and rotor, the relations between stator and rotor voltages, currents and currents first derivatives in the synchronous  ¡  frame are given by [13] , [14] : 8 > > > > > > > > < > > > > > > > > :
where  and   are the stator and rotor selfinductance coeffi cients, respectively.  represents the coupling coefficient between stator and rotor windings,  is the slip and   is the nominal grid frequency. The electromagnetic torque (  ) applied on the high speed shaft is represented by:
III. CONTROL DESIGN

A. ProportionalIntegral Controller
A special variation of the Proportional -Integral -Derivative (PID) controller is the PI controller which is designed for non integrating processes [15] . PI controller is the most popular PID variation that can be used for controlling industry processes in a feedback configuration [15] , [16] . In this paper, two PI controllers are designed to control the  direction rotor current component (  ) and the  direction component (  ). The error signal of the proposed controllers is represented by:
where   () is the reference rotor current that can be either in the in the  or  direction. The PI controller coefficients are optimized, using Ziegler -Nichols and trial and error tuning methods to achieve rapid response at different wind speed values and deliver maximum power extraction [17] . Best system performance is ob tained when the gains of the two controllers are equal and have the following parameter values:   = 049 and   = 5053. Reference generation control strategy based on zero reference current in the  direction (   = 0) is applied. The    component that achieves optimum power extraction is given by:
where,  is the number of pole pairs,    is the stator flux,   and   are stator inductance and mutual inductance, respectively.
B. Fuzzy Logic Controller
Fuzzy logic controller is a conventional nonlinear controller that consists of three phases: fuzzification, fuzzy rule base, and defuzzification as shown in Fig. 2 [18] , [19] . Fuzzification is the process of converting the crisp input value of the controller into fuzzy values. The value of a fuzzy variable is defined by a linguistic term such as big, small, high, low, medium, etc., where each word is defined by a certain membership function. Fuzzy rule base represents the rules that link the inputs to the outputs, while defuzzification transforms the generated fuzzy value into a numerical value. FLC is considered, in many occasions, more effective than the conventional control, especially in largescale systems [20] . It is usually adopted in electronics systems in order to enhance system performance by minimizing the fluctuations of the outputs [20] , [21] . The input signals to the fuzzy logic controller are error signal () and rate of change of error signal _ (). The rotor current components   and   are fuzzified separately through two FLCs using seven input fuzzy sets. The corresponding membership functions of input () and output () are exhibited in Fig. 3 . The membership functions of _ () are identical to the those of (). The control rules are designed to assign a fuzzy set of the control input for each combination of () and _ (). The rules base is represented in Table I . The columns refer to the error () while the rows refer to the rate of error change _ (). Each pair ((), _ ()) identifies the output level corresponding to (). The abbreviations used in Table I 
C. Fuzzy ProportionalIntegral Controller
Fuzzy PI controller is a hybrid controller that employs PI gains to create a nonlinear response [22] . In this paper, PI gains were selected using trail and error tuning method to obtain optimum system response that maximizes power extraction at different wind speeds. The obtained gains are:   = 05771 and   = 4915995. Accordingly, the appropriate set of rules, represented in Table II , was constructed. The columns refer to the error () whereas the rows refer to the rate of error change _ (). Each pair ((), _ ()) identifies the output level corresponding to (). Similar to the proposed FLC design, the Fuzzy PI membership functions of input _ () are identical to the those of ().The membership functions of inputs () and output () are exhibited in Fig. 4 . The abbrevia tions used in Table II are defined as follows: BN is Big Negative, N is Negative, Z is Zero, P is Positive and BP Big Positive. 
IV. SIMULATION AND RESULTS
Simulations of the 2.0MW DFIGbased wind turbine system with the proposed control schemes were conducted using MAT LAB/Simulink with sampling frequency   = 10 kHz. System parameters are taken from [15] and represented in Table III. The performance of the controlled wind turbine system using the three proposed schemes, PI, FLCs and Fuzzy PI, is evaluated in terms of system response and power extraction. Fig. 5 and Fig. 6 represent the system response of rotor current component in the direction (  ) and direcion (  ), respectively, using PI, FLC and Fuzzy PI schemes at   = 11 m/s. Fuzzy PI controller has high performances in tracking the desired current reference values, in addition to reducing the settling time of the rotor current components. The exact values of peak overshoot, settling time and steady state error (SSE) of the studied system response are presented in Table IV . It is observed that PI controller has the highest peak overshoot value for both current components and FLC records the highest SSE, while Fuzzy PI controller shows the lowest settling time and SSE making it the most efficient controller. Fig. 7 represents the extracted power by the simulated wind turbine system, using the proposed control schemes, with respect to different wind speed values ranging between 7 m/s and nominal speed (11 m/s), at the third second of the simulation time.
The conventional PI exhibits degradation in the performance when compared to the other controllers. The low power extraction of the PI controller at simulation time   = 3s is due to its long settling time   = 405s. On the contrary, FLC and Fuzzy PI schemes obtain higher power extraction during the whole studied range of wind speeds at   = 3s and achieve the rated power (2MW) when the average wind speed is at its nominal value   = 11 m/s. This indicates that the settling time is reduced as the wind speed goes higher. However, it is important to mention that for wind speeds higher than 11 m/s, the extracted power maintains 2 MW. Fig. 8 shows a comparison between the three proposed con trollers in terms of extracted power response through the first five Fig. 7 .
Extracted power using proposed control schemes with respect to different wind speed values. seconds of simulation at   = 11 m/s. The negative power values indicate that the induction machine is operating in gener ating mode. The Fuzzy PI controller is more efficient than other controllers as it has the lowest settling time   = 21s, while the PI and FLC settling times are   = 405s and   = 28s, respec tively. Although the Fuzzy PI overshoot is higher than the FLC overshoot, the wind turbine system is isolated from the grid until it complies with the grid requirements such as phase, frequency and voltage [23] . Hence, the Fuzzy PI scheme demonstrates better dynamic performance by requiring smaller time to synchronize the system to the grid and achieve higher power extraction.
V. CONCLUSION AND FUTURE WORK
This paper presented PI, FLC, and Fuzzy PI rotor current control schemes for windturbinedriven DFIG feeding a threephase grid under variable wind speed conditions. A twomass wind turbine model consisting of aerodynamic, mechanical and electrical mod els is simulated in Matlab/Simulink. Simulations of the proposed controllers on a 2.0MW DFIG wind power generation system are carried out to study and compare the response behavior and power extraction efficiency of the three schemes. The proposed FLC and Fuzzy PI schemes exhibited a remarkable increase in power extraction when compared to conventional PI controller. Fuzzy PI showed a significant rotor current response improvements in terms settling time and SSE. On the other hand, PI controller showed degradation in the performance due to its large settling time that minimizes power extraction.
In future work, more control schemes such as Adaptive Fuzzy Control may be utilized to achieve better performance and higher power extraction efficiency. In addition, pitch control may be integrated into the model to have a wider range of control on DFIG rotor speed.
